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ABSTRACT 

(N i 75F e 25) v/( S i02)  1 _v  nanocomposites  with  v =0.5,  0.7,  and  1 .0,  where  75  denotes  the  atomic 
percent  of  Ni  in  the  Ni-Fe  alloy  phase  and  v denotes  the  volume  fraction  of  the  magnetic 
constituent  in  the  composite,  were  synthesized  using  a wet  chemical  approach.  The  x-ray 
diffraction  and  TEM  experiments  show  that  the  synthetic  NiFe/Si02  is  a two-phase  composite 
system  in  that  an  amorphous  insulating  Si02  layer  coats  each  Ni-Fe  particle.  The  Ni-Fe  particle 
is  in  a fee  Ni-Fe  alloy  state.  Its  size  can  be  controlled  over  a rather  large  range  between  5 nm  to 
70  nm  by  adjusting  the  reaction  parameters.  Particular  attention  was  paid  to  reduce  the  chemical 
reaction  temperature  so  as  to  insure  the  smallness  of  the  particle  size.  Meanwhile,  measurements 
of  the  saturation  magnetization  indicated  that  the  higher  the  heat  treatment  temperature,  the  more 
complete  the  chemical  reaction  to  form  the  Ni-Fe  alloys  from  precursor  materials. 

INTRODUCTION 

Magnetic  nanocrystalline  solids  offer  attractive  properties  for  various  applications  such  as 
the  active  component  of  ferrofluids  [1],  recording  tapes  [2],  biomedical  materials  [3],  separation 
techniques  [4],  as  well  as  permanent  magnets  and  soft  magnetic  materials  [5-6].  Furthermore, 
nanocompositing  opened  new  opportunities  to  develop  novel  magnetic  materials  [7].  Such 
materials  provide  great  possibilities  for  the  atomic  engineering  of  materials  with  specific 
magnetic  properties.  Thin  film  nanocomposites  with  significantly  improved  high  frequency 
properties  have  been  developed  based  on  the  exchange  coupling  mechanism  [8-9].  By  coating 
magnetic  nanoparticles  with  a second  insulating  phase,  the  following  improvements  could  be 
achieved.  Since  the  distribution  of  the  two  phases  is  homogenous  on  a nanometer  scale,  the 
aggregation  of  magnetic  nanoparticles  themselves  is  greatly  limited.  In  this  case,  the  magnetic 
materials  can  retain  the  nature  of  the  nanocrystals.  Therefore,  the  interaction  of  the  magnetic 
particles  could  be  adjusted  and  studied  because  the  magnetic  cores  are  kept  at  a well-defined 
distance.  Coating  the  metallic  magnetic  nanoparticles  prevents  oxidation  since  the  particles  are 
extremely  active  and  pyrophoric  at  ambient  conditions.  Coating  with  an  insulating  phase  can 
improve  the  electrical  resistivity  of  the  magnetic  materials.  This  maintains  low  eddy  current 
losses  for  soft  magnetic  materials  in  high  frequency  applications.  Coating  also  hinders  the 
diffusion  or  the  grain  growth  of  metallic  particles  during  the  formation  or  sintering  of  the 
nanoparticles. 

A wide  variety  of  routes  have  been  employed  to  synthesize  magnetic  nanocomposites, 
including  sol-gel  [10],  sputtering  [7],  electrodeposition  [11],  high  energy  ball  milling  [12], 
microemulsion  and  reverse  micelle  techniques  [13].  In  order  to  dramatically  increase  the  electric 
resistivity  of  metallic  magnetic  alloys  while  retaining  their  excellent  soft  magnetic  properties 
(high  saturation  magnetization,  high  permeability,  high  Curie  temperature,  etc.), 
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(N i 7flFe 25) v/( S i 02)  1 nanocomposites  were  synthesized  using  a wet  chemical  approach.  The 
magnetic  properties  of  the  nanoparticles  were  investigated  for  samples  treated  at  different 
temperatures. 

EXPERIMENTAL 

Nickel  nitrate,  iron  nitrate,  and  tetraethoxysilane  (TEOS)  were  used  as  received  from  Alfa 
Aesar.  n-Ni-Fe/Si02  nanocomposites  were  synthesized  using  a wet  chemical  solution  technique, 
followed  by  oxidation  and  reduction  under  a controlled  atmosphere  at  elevated  temperatures. 
Starting  materials  were  mixed  in  an  organic  solvent.  The  solvent  is  then  removed  by  evaporation 
at  elevated  temperature.  A further  drying  process  is  performed  in  an  oven  to  obtain  porous 
agglomerates.  The  agglomerates  were  then  heated  in  an  oxidizing  atmosphere  for  a period  of 
time.  An  this  stage,  impurity  elements  such  as  carbon,  hydrogen,  and  nitrogen  from  the  starting 
materials  were  burned  out  and  the  remaining  materials  precomposite  of  were  nickel  oxide,  iron 
oxides,  and  silica.  The  precomposite  powder  was  reduced  at  different  temperatures  in  the  range 
of  400-900  °C  to  form  n-Ni-Fc/SiOi  composites. 

Thcrmogravimctric  analysis  (TGA)  was  conducted  to  determine  the  starting  and  finishing 
temperature  for  oxidation.  Characterization  of  the  crystal  structure  and  particle  size  of  the 
synthetic  powder  was  carried  out  using  x-ray  diffraction  (XRD)  and  high-resolution  transmission 
electron  microscopy  (HRTEM).  High-resolution  transmission  electron  micrographs  were 
obtained  with  a JEOL  4000  EX  electron  microscope.  HRTEM  specimens  were  prepared  by 
dispersing  the  powders  in  methanol.  Drops  of  this  solution  were  then  deposited  on  a carbon-grid 
and  observed  in  the  microscope.  Bright  field  images,  electron  diffraction,  and  lattice  images 
were  carried  out.  The  static  magnetic  properties  of  the  synthetic  powder  were  studied  by  using 
Quantum  Design  SQUID  magnetometer  at  temperatures  of  10  K and  300  K.  Before  the 
measurements,  the  samples  were  weighted  accurately  and  then  wrapped  carefully  in  an  adhesive 
tape. 

RESULTS  AND  DISCUSSION 

In  Figure  1 a typical  TGA  scan  for  the  composite  materials  is  presented.  It  can  be  seen  in 
Figure  I that  the  unwanted  organic  start  to  burn-off  at  ~ 300  °C.  However,  a rather  long  time 
may  be  required  to  complete  the  oxidation  and  “clean”  the  precursor  at  this  temperature.  It 
appears  that  a higher  temperature  {e.g.,  500  °C)  is  necessary  to  complete  the  oxidation  reactions. 


Temperature  (°C) 

Figure  1.  Weight  change  vs.  temperature  for  precomposite  powder  of  Ni-Fe/Si02  in  oxygen. 
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Figure  2 shows  the  XRD  patterns  for  the  (Ni75Fe25)o.7/(Si02)o.3  samples  that  were  obtained 
by  reducing  the  precursor  in  H2  for  3 hours  at  various  temperatures.  For  a comparison,  the  figure 
also  includes  the  XRD  pattern  of  a bulk-size  Ni-Fe  alloy  sample.  The  results  indicate  that  all  of 
the  synthetic  (Ni75Fe25)o.7/(Si02)o.3  samples  have  the  face-centered  cubic  (fee)  structure.  As 
shown  in  Figure  2,  the  linewidth  of  the  diffraction  peaks  for  the  (Ni75Fe25)o.7/(Si02)o.3  samples 
were  significantly  broader  than  that  for  the  bulk  Ni-Fe  alloy  sample,  and  highly  dependent  on  the 
reduction  temperature. 


Figure  2.  XRD  pattern  for  bulk  Ni-Fe  alloy  and  n-(Ni75Fe25)o.7/(Si02)o.3  samples  prepared  at 
different  reduction  temperatures  (in  degree  C). 

The  particle  size  for  nanostructured  materials  calculated  from  the  Scherrer  equation. 
Figure  3 shows  the  particle  size  of  the  synthetic  (Ni75Fe25)o.7/(Si02)o.3 as  a function  of  the 
hydrogen  reduction  temperature.  It  reveals  that  when  the  reduction  temperature  is  700  “C  or 
below,  the  particle  size  remains  small  (<  20  nm)  with  little  change  with  reduction  temperature. 
Flowever,  the  size  increases  significantly  with  H2  reduction  temperatures  beyond  700  °C. 
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Figure  3.  Variation  of  Ni-Fe  particle  size 
with  reduction  temperature  in  hydrogen: 
circles,  (Ni75Fe2s)o.7/(Si02)o.3;  triangles, 
(Ni7jFe25)o.5/(Si02)o.5. 


Figure  4.  Magnetization  and  coercivity 
as  a function  of  H2  reduction  temperature 
for  n-(Ni75Fe25)o.7/(Si02)o.3- 
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The  static  magnetic  properties  of  n-(Ni75Fe25)o.7/(Si02)o3  are  summarized  in  Figure  4 which 
shows  the  saturation  magnetization  and  coercivity  as  a function  of  the  H2  reduction  temperature 
for  (Ni75Fe25)o  7/(Si02)o,3  measured  at  10  K and  300  K.  The  saturation  magnetization  of  the  bulk 
NiysFcjs  alloy  is  12000  G,  which  translates  to  the  saturation  magnetization  of  8000  G for 
(Ni75Fe25)0  7/(Si02)o.3  nanocompositc  presuming  the  electronic  as  well  as  magnetic  structure  for 
the  Ni-Fe  nanoparticle  is  essentially  the  same  as  those  for  the  bulk  Ni-Fc  alloy.  It  can  be  seen 
from  Figure  4 that  for  the  powder  reduced  at  900  °C,  the  saturation  magnetization  is  actually 
8600  G.  This  is  due  to  the  composition  deviation  in  that  the  actual  volume  fraction  of  the  Ni-Fe 
magnetic  phase  may  be  slightly  greater  than  0.7.  By  reducing  at  700  "C,  a saturation  of  8000  G 
is  obtained,  which  is  93%  of  the  saturation  magnetization.  This  indicates  that  the  reduction 
temperature  can  be  set  to  700  °C  at  which  the  reduction  process  is  essentially  completed  while 
the  Ni-Fe  particle  size  remains  less  than  20  nm.  From  Figure  4,  it  also  can  be  seen  that  at  low 
temperature  the  coercivity  decreases  with  increasing  reduction  temperature,  while  at  room 
temperature  the  coercivity  increases  as  the  reduction  temperature  increases  from  400  °C  to  700 
°C.  This  is  probably  because  some  Ni-Fe  particles  in  the  nanocompositc  reduced  at  400  °C  and 
500  °C  have  small  size  due  to  lower  reduction  temperature  and  exhibit  supcrparamagnctic 
behavior  at  room  temperature. 

Figure  5 shows  the  XRD  diffraction  patterns  for  the  n-(Ni7SFc25)o.5/(Si02)<,.5  powders,  which 
are  the  same  as  shown  in  Figure  2.  The  particle  size  dependence  on  the  reduction  temperature 
for  n-(Ni75Fe25)o  ;/(Si02)o.5  is  shown  in  Figure  3.  It  is  clear  that  the  thicker  the  Si02  coating,  the 
smaller  the  Ni-Fc  particle  size  obtained  in  the  same  reduction  process. 


Figure  5.  XRD  pattern  for  n-(Ni75Fe27)oy(Si02)(l5  and  bulk  Ni-Fe  alloy. 


In  Figure  6 a typical  TEM  image  is  presented  which  shows  the  morphology  for  n- 
(Ni7.,Fc25)o.5/(Si02)o.5  sample  which  was  heat-treated  in  hydrogen  at  700  °C.  This  image  shows 
that  all  of  the  particles  arc  embedded  in  an  amorphous  media  different  from  the  amorphous 
carbon  of  the  support  grid.  The  image  in  Figure  7 shows  a typical  particle  size  distribution  for  a 
portion  of  the  sample.  The  width  of  the  distribution  is  approximately  1 5 nm  and  it  shows  a peak 
centered  around  15.5  nm,  which  is  consistent  with  the  size  calculated  from  XRD.  The  particle 
range  is  between  5 and  30  nm,  which  is  a relative  large  distribution  in  size.  For  this  histogram, 

3 1 particles  were  counted  and  analyzed.  The  typical  length  in  the  figure  is  an  average  between 
the  maximum  and  minimum  lateral  dimensions  measured  from  the  TEM  image. 
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Figure  6.  TEM  image  for  the  n- 
(Ni75Fe25)o.5/(Si02)o.5  sample  heat-treated  in 
hydrogen  at  700  °C.  The  bar  in  the  figure 
corresponds  to  100  nm. 


Figure  7.  Particle  size  distribution  from 
TEM  study  for  n-(Ni75Fe25)().5/(Si02)o.5. 


Figure  8 shows  the  variation  of  the  saturation  magnetization  and  coercivity  as  a function  of 
reduction  temperature  in  hydrogen.  By  reducing  at  700  °C,  a saturation  magnetization  of  5303 
G was  obtained.  This  corresponds  to  an  84%  completion  of  the  chemical  reaction.  It  also  can  be 
seen  from  Figure  8 that,  at  both  10  K and  300  K,  the  coercivity  decreases  when  the  reduction 
temperature  increases  from  600  °C  to  900  °C.  However,  for  the  nanocomposite  reduced  at  400 
°C,  the  coercivities  measured  at  10  K and  300  K are  quite  different  from  each  other.  This  may 
result  from  the  superparamagnetic  behavior  of  small  size  particles  due  to  the  low  reduction 
temperature. 


Reduction  temperature  (°C) 

Figure  8.  Magnetization  and  coercivity  as  a function  of  reduction  temperature  in  hydrogen  for  n- 
(Ni75Fe25)o.5/(Si02)o.5 
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An  interesting  result  was  observed  on  the  Ni  75Fc:5  nanoparticle  without  a SiO  . coating.  The 
powder  was  synthesized  using  the  same  chemical  route  without  adding  tetraethoxysilane  in  the 
starting  raw  materials.  While  the  powder  reduced  at  700  °C  possesses  essentially  bulk  size 
(micrometer  size),  that  reduced  at  400  °C  possesses  a mean  particle  size  of  only  18.5  nm.  For 
Ni75Fe25  powder  samples  obtained  by  Hi  reduction  at  400  "C  and  700  "C  respectively,  the 
saturation  magnetization  for  the  two  samples  are  the  same,  indicating  that  the  chemical  reaction 
can  be  completed  at  temperatures  as  low  as  400  °C  without  the  existence  of  SiCT. 

CONCLUSIONS 

(Ni75Fc25)v/(Si02)i-v  (v  = 0.5,  0.7)  nanocomposites  and  nanostructured  Ni75Fe25  alloys  have 
been  successfully  synthesized  using  a wet  chemical  approach.  The  XRD  and  TEM  studies  show 
that  the  synthetic  Ni-Fe/SiCL  is  a two-phase  composite  system  in  that  the  Ni-Fe  particles  are 
embedded  in  a common  amorphous  insulating  SiCL  matrix.  The  Ni-Fe  particle  is  in  a fee  Ni-Fe 
alloy  state.  Its  size  can  be  controlled  in  a rather  large  range  between  5 nm  to  70  nm  by  adjusting 
tlie  reaction  parameters.  Measurements  of  saturation  magnetization  indicate  that  the  higher  the 
heat  treatment  temperature,  the  more  complete  the  chemical  reaction  to  form  the  Ni-Fe  alloys 
from  the  precursor  materials. 
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